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ABSTRACT 
This paper analyses the effect of rotor barrier pitch angles 
on torque ripple production in Synchronous Reluctance 
Machines (SynRMs), with the objective to reduce torque 
ripple contents in medium size ground Electric Vehicles 
(EVs). While keeping major-design parameters constant, 
the barrier pitch angle is varied by a quarter of the stator 
slot pitch. Three SynRMs having different rotor barrier 
pitch angles are designed and modeled using 2D Finite 
Element Method (FEM). The specifications of a 
traditional 5.5 kW, three-phase, 50 Hz, induction machine 
are used to design and model the SynRMs.  Torque ripple 
reduction of ± 48 % is achieved for barrier pitch angles of 
15o and 17.5o mech, when the machines operate at current 
space phasor angle of 45o electric.  
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1 Introduction 
    Interior permanent magnet (IPM) motors with rare-
earth magnets are almost universal used for electric 
vehicles (EVs) and hybrid electric vehicles (HEVs) 
because of their superior properties, particularly constant 
power operation and wide speed range [1]. 
    However, there is now a distinct possibility of limited 
supply or very high cost of rare-earth magnets that could 
make IPM motors unavailable or too expensive[2]. 
Therefore SynRMs are gaining more interest as 
candidates for EVs and HEVs for their simple and rugged 
construction and hazard-free operation [2], [3]. 
    It has been reported in [4] that SynRMs have become 
an interesting choice in using them as small power motors 
in various application because of their compact design 
and high power density. One of these applications is a 
small electric scooter, usually used by people with 
physical disabilities. In [5], the in-wheel switched 
reluctance motor driving system for future electric 
vehicles has been reported.  
 
 
 
 
    A mechanical robust rotor with transverse-lamination 
synchronous reluctance machine for electric traction 
application is well discussed in [6]. The design 
optimization of SynRM drives for HEV power train 
application is analyzed in [7]. The novel lamination 
concept for transverse flux machines suitable for direct 
drive application to EVs is presented in [8]. SynRMs 
utilize for torque production the reluctance concept and 
rotating sinusoidal magneto-motive force (MMF), which 
are produced by the traditional induction machine stator 
[4]. The stator can be exactly the same as the induction 
machine and the rotor is simple and robust formed only 
by steel laminations. The reluctance torque concept has a 
very old history and can be dated back to 1923 [9]-[11].   
    It is still however the subject of research due to some 
major advantages: there is no copper losses in the rotor 
compared with induction motor and lower vibration and 
noise than that of switched reluctance machine [4]. The 
rotor has various topologies in order to increase the 
saliency ratio. The axially-laminated version of SynRMs 
has been studied in the sixties and later [1], [2]. The 
transverse-laminated rotor of SynRMs has lately shown to 
have low rotor inertia, since it is formed by several air 
flux-barriers [12]. The later type (Transverse) is 
preferable, in practice, because it is more suited to 
industrial manufacturing [13]. In addition, the rotor can be 
easily skewed in this case, thus allowing for very low 
values of torque ripples [14].   
    Several efforts have been made to mitigate torque 
ripples in SynRMs [11]-[19].  The effect of barrier pitch 
angles on torque ripple of SynRMs is reported in [20]. In 
the later the inner and outer barrier pitch angles were 
varied respect to each other. The lowest ripple torque 
achieved was ± 40 % at a current angle of 65o electric, for 
8o mech inner and 22o mech outer barrier pitch angles [20].   
    In this paper, the inner and outer barrier pitch angles 
are the same irrespective of barrier position, not only to 
minimize the manufacturing cost, but also to reduce the 
design optimization process. It should also be noted that 
there is no skew of stator or rotor. The stator windings are 
excited with pure sinusoidal currents.  
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 2 Machine Specifications 
    Fig.1 shows the cross-section, while table 1 gives the 
general design specifications of the SynRM. 
 
Fig.1. Cross section of the SynRM, only a quarter of the machine is 
show 
Table 1 
General Design Specifications 
Description Values 
Stator slot Pitch_αs 10
o mech 
Airgap length_Lg 0.88 mm 
Barrier width_wb 12.00 mm 
Iron width_ wi 6.500 mm 
Stack length 160.00 mm 
Number of barriers per pole 2 
Number of pole pairs 2 
Number of stator slots 36 
Ration insulation to iron on q-axis 0.979 
Rotor radius_Rr 48.50 mm 
Stator radius_ Rs 31.62 mm 
Shaft radius_ Rshaft 24.00 mm 
Yoke height_yh 12.87 mm 
Barrier end radius_bER 2.80 mm 
Radial rib length_Lrr 2.00 mm 
Tangential rib length_Ltr 2.00 mm 
 
    In this paper, three rotor geometries are used for 
analysis. Fig. 2 shows the cross-section of rotor 
geometries for the different barrier pitch angles. The flux 
barriers widths are kept constant and the barrier pitch 
angle is varied by a fourth of the slot pitch.  
 
 
 
 
 
 
    The change of barrier pitch angle results in obtaining 
different horizontal barrier lengths (hbTo, hbBo, hbTi and 
hbBi), as indicated in table 2. The variation of the barrier 
pitch angle can be expressed as  
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    Where αs, is the stator slot pitch angle in mechanical 
degree and τb is the barrier pitch angle in mechanical 
degree.  
 
 
                     (a)                                                  (b) 
 
                                          (c) 
Fig.2. Cross-section of rotor geometry, only a quarter of the rotor is 
shown, (a) τb = 12.5o mech, (b) τb = 15o mech, (c) τb = 17.5o mech 
Table 2 
 Variable Design Specifications 
Barrier Pitch_τb 12.5o  15o  17.5o  
barrier length_hbTo 24.74 mm 18.20 mm 11.90 mm 
barrier length_ hbBo 20.77 mm 14.50 mm   8.50 mm 
barrier length_ hbTi 24.90 mm 22.50 mm 20.20 mm 
barrier length- hbBi 22.28 mm 20.00 mm 17.80 mm 
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3 Analysis of Flux Density Distribution 
       Fig.3. (a) to (c) shows the magnetic flux lines and the 
flux density (B) distribution , when the d-axis current id = 
8 A  and q-axis current iq = 8 A. It is visible from Fig.3 
that, the radial and tangential ribs are highly  saturated in 
all three cases. The distribution of the flux density in the 
rest of the rotor iron  parts is in the region of ± 0.16 Tesla 
< B > ± 1.5 Tesla.  
 
                                                          (a)                       
 
                                                    (b) 
 
                                                         (c) 
 
Fig.3. Magnetic flux lines and flux density distribution, 
(a) τb =12.5
o, (b) τb =15
o, (c) τb =17.5
o 
     Fig.4. shows the airgap flux density profiles and their 
Fast Fourier Transformed (FFT).  From the FEM results 
shown in Fig.4. (b), it is evidenced that the 3rd and the 
17th space harmonics are dominant in all three cases. The 
first, are due to magnetic saturation of the tangential ribs 
which are located near the airgap, and the later are caused 
by the stator slotting. The first phase belt harmonics (5th) 
are less for barrier pitch angles of 15o and 17.5o mech.  
Double layer windings chorded by one slot pitch were 
used in all three cases. 
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                                               (b) 
Fig.4. Airgap flux density (a) flux density profile, (b) FFT of the flux 
density profile 
 
     The short pitching of the stator winding has 
contributed in the reduction of the second phase belt 
harmonics (7th) in all three scenarios. The 9th and 11th 
harmonic components are present in all three machines 
because there is no skew of the stator. The machine with 
τb of 15o mech has less 9th space harmonic content, its 
relation to stator slot pitch is 3αs / 2.  
    Elsewhere, the machine with τb of 12.5o mech exhibits 
less 11th space harmonic content, its relation to the stator 
slot pitch is 4αs / 5. The machine with barrier pitch angle 
of 17.5o mech has the lowest 7th space harmonic 
component, and its relation to stator slot pitch is 4αs / 7. 
    However, the flux density profiles exhibit different 
behaviors when they reach the rotor iron. The change in 
flux density characteristics is due to unique rotor 
anisotropy and the presence of radial ribs. The flux 
density profiles in the rotor iron and their FFTs are 
depicted in Fig.5 (a) and (b) respectively.    
    Observing from Fig.5. (a), it is visible that the radial 
ribs are highly saturated, reaching pick values of ± 2.1 
Tesla in all three machines.  
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                                                (b) 
Fig.5. Rotor iron flux density, (a) flux density profile, (b) FFT of the 
flux density profile 
 
    The variation of barrier pitch angles impacts the pick 
values of flux densities and their width lengths, highly in 
the direction of the d-axis rotor iron, and slightly in the 
rotor iron between two adjacent poles. The pick values 
and the width length of flux densities vary as function of 
barrier pitch. The first has an increment behavior when τb 
is reduced, while the second increases with respect to the 
increase of τb.  
    The FFT results in Fig.5 (b) evidenced that the 12th 
space harmonics are dominant in all three cases. It should 
be noted as illustrated in section 2 of this paper that the 
machines have two barriers per pole which are split in two 
by the radial ribs, giving the rotor an overall four slots per 
pole. The ratio of stator slots to rotor slots is 9/4 per pole. 
Therefore, the 9th and 18th are the first and second rotor 
slot harmonics respectively.  
    The machine with 15o mech (3αs / 2) barrier pitch has 
less 18th harmonic content as compared to other two 
machines. The 3rd space harmonics are due to magnetic 
saturation of the radial ribs. There is no skew in the rotor, 
thus the presence of the 6th, 10th and 14th space 
harmonic is highly noticeable. Changing the barrier pitch 
impacts these space harmonics in the rotor iron between 
two adjacent poles and also in the direction of d-axis rotor 
iron.  
 
 
 
 
4 Torque and Torque Ripple Analysis 
4.1 Effect of barrier pitch angle on torque ripple 
    The torque profiles as function of rotor position, and 
for various current space vector angles (θ), are shown in 
Fig. 6 to Fig. 10. 
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Fig.6. Instantaneous torque as function of rotor position at 
AiAi qd
o 0&313.11,0   
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Fig.7. Instantaneous torque as function of rotor position at  
AiAi qd
o 93.2&93.10,15   
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Fig.8. Instantaneous torque as function of rotor position at 
AiAi qd
o 65.5&93.830   
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Fig.9. Instantaneous torque as function of rotor position at  
AiAi qd
o 8&8,45   
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Fig.10. Instantaneous torque as function of rotor position  
AiAi qd
o 79.9&65.5,60   
     The FEA were carried out at constant speed of 1500-
rpm and constant frequency of 50-Hz. All three machines 
were modelled with double layer lap windings chorded by 
one slot. The windings are excited by 3-phase sinusoidal 
currents. The machines were run at different current space 
phasor angles. Table 3 reports the computed average and 
torque ripple for different current vector angles of the 
three machines.  
   The torque ripple factor defined as the ratio of peak to 
peak torque value to average torque is adopted for torque 
ripple calculation [21], which is expressed as 
    100100 minmax 

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

avav
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TT
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F                            (2) 
Table 3 
 Torque and Torque Ripple Factor Comparison 
  
 
θ 
 
τb =12.5
0  τb =15
0  τb =17.5
0  
 
Tav 
(Nm) 
 
Fr 
(%) 
 
Tav 
(Nm) 
 
Fr 
(%) 
 
Tav 
(Nm) 
 
Fr 
(%) 
0o 12.8 40.4 12.3 28.0 11.7 24.7 
15o 27.8 34.7 25.9 22.4 24.8 26.0 
30o 39.9 30.3 37.4 16.4 34.8 23.2 
45o 45.6 27.3 42.0 14.1 39.9 14.0 
60o 26.7 36.5 26.1  24.3 25.0 19.9 
 
     It can be observed from table 3 that the machines 
designed with τb of 15o and 17.5o mech have reduced the 
torque ripple factor for all current space phasor angles, 
and still slightly maintained the average torque. 
    The torque ripple reduction lies between ± 49 % and ± 
30 % of torque ripple produced by the machine with τb of 
12.50 mech. With current space vector angle of 45o 
electric, the torque ripple factor is reduced from 27.3 % in 
machine with τb of 12.5o mech, down to ±14 % in 
machines with τb of 15o mech and τb of 17.5o mech.  
     It is also evidenced that the machine with τp of 12.5o 
mech has a slight advantage as far as torque density is 
concerned. This is due to high pick flux density in d-axis 
direction as illustrated in section 3 of this paper. For all 
current space angles, the difference in torque average 
between the machine with τp of 12.5o mech, and the 
machines with τp of 15o and 17.5o mech, lies in the region 
of ± 5 Nm < ∆Tav> ± 0.45 Nm.  
4.2 Torque harmonic analysis 
   Table 4 shows the resulting torque harmonics 
corresponding to the torque behavior in Fig.9. The FEA 
torque harmonics of machines having different barrier 
pitch angles are compared with one another. 
Table 4 
 Comparison of Torque Harmonics 
Harmonic 
order 
 
τb=12.5
o mech 
 
τb=15
o mech 
 
τb=17.5
o mech 
6th 1.62 % 0.99 % 1.86 % 
12th 4.29 % 3.69 % 1.12 % 
18th      10.07 % 1.95 % 5.35 % 
24th  0.09 % 0.17 % 0.36 % 
30th  0.23 % 0.07 % 0.06 % 
36th  1.06 % 3.21 % 0.35 % 
 
    From Table 4, it is interesting to observe that the 
highest torque harmonics are the 12th and 18th harmonic 
orders. The latter is the second rotor slot harmonic and the 
most predominant, which highly contributes to torque 
ripple production. The first (9th) rotor slot harmonics are 
totally mitigated. The results in table 3 also evidenced that 
the machine with τb of 15o mech, has tremendously 
reduced the 18th torque harmonics by ± 81 % and ± 64 % 
as compared to machines with τp of 12.5o and 17.5o mech, 
respectively.  
5 Conclusion  
    The effects of barrier pitch angles on torque ripple 
production in synchronous reluctance machines have been 
analyzed. Three machines having different rotor barrier 
pitch angles were designed and modelled using Finite 
Element Methods. The FEM results evidenced that the 
rotor barrier pitch angles tremendously impact the torque 
ripple contents in synchronous reluctance machines, for 
any given current vector angle. A torque ripple reduction 
between ± 49 % and ± 30 % was achieved for barrier 
pitch angles of 15o and 17.5o mech. The reduction in 
torque ripple was due to mitigation of the first (9th) rotor 
slot harmonics and also due to reduction of second (18th) 
rotor slot harmonics.  
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     However, for medium size ground road EVs, where 
less vibration, less noise and smooth torque controls are 
required, less than 10 % of torque ripple content is 
necessary for each current vector angle. Therefore, design 
engineers in these applications should intensively 
considered optimizing the barrier pitch angles in order to 
obtain better performance throughout the entire driving 
cycle.   
References 
[1] R. R. Fessler and M. Olszewski, Assessment of Motor 
Technologies for Traction Drives of Hybrid and Electrical 
Vehicles, Mar 2011. 
[2] M. Rahman, B. Fahimi, G. Suresh, A. V. Rajarathnam, and 
M. Ehsani, Advantages of Switch Reluctance Motor 
Applications to EV and HEV: Design and Control issues, 
Industrial Applications, IEEE Trans, vol. 36, No. 1, Jan/Feb 
2000. 
[3] D. A. Staton, T. J. E. Miller, and S. E. Wood, Maximizing 
the Saliency Ratio of the Synchronous Reluctance Motor, 
Industrial Applications, IEEE Trans, Vol. 140, No. 4, July 1993. 
[4] F. N. Jurca, R. Mircea, C. Martis, R. Martis and P. P. Florin, 
Synchronous reluctance motors for small electric traction 
vehicle, 2014 International Conference and Exposition on 
Electrical and Power Engineering (EPE 2014), 16-18 October, 
Iasi, Romania 
[5] J. Lin, K. W. E. Cheng, Z. Zhang and X. Xue,  Experimental 
investigation of in-wheel reluctance motor driving system for 
future electric vehicles, 3rd International conference on Power 
Electronics Systems and Applications, 2009. 
[6] S. Taghavi and P. Pillay, A mechanically robust rotor with 
transverse-laminations for a synchronous reluctance machine for 
traction applications, 2014. 
[7] M. Gartner, P. Seibold and N. Parspour, Laminated 
circumferential transverse flux machines-Lamination concept 
and applicability to electrical vehicles, IEEE International 
Electric Machines and Drives Conference (IEMDC), 2011 
[8] A. A. Arkadan, N. Al-Aawar and A. A Hunbali, Design 
optimization of SynRM drives for HEV power train 
applications, 2007 
[9] J. K. Kostko, Poly-phase Reaction Synchronous Motor, 
Journal of A.I.E.E., Vol. 42, 1923, pp. 1162-1168. 
[10] R. R. Moghaddam, Synchronous reluctance machine 
(SynRM) design, Master Thesis, Stockholm, 2007. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[11] K. Wang, Z. Q. Zhu, G. Ombach, M. Koch, S. Zhang and J. 
Xu,  Optimal slot/pole and flux-barrier layer number 
combinations for synchronous reluctance machines, 2013 8th 
International Conference and Exhibition on Ecological Vehicles 
and Renewable Energies (EVER 2013), pp 1-8, March 2013, 
Monte Carlo. 
[12] N. Bianchi, S. Bolognani, D. Bond and M. D. Pre’, Rotor 
Flux-barrier Design for Torque Ripple Reduction in 
Synchronous Reluctance Motors, Proc. 41th IEEE Conf. On 
Industry Applications, 2006, 1193-1200. 
[13] A. Vagati, M. Pastorelli, F. Scapino and G. Franceschini, 
Impact of Cross Saturation in Synchronous Reluctance Motors 
of Transverse-Laminated Type. IEEE Transaction on Industry 
Applications, Vol. 36. NO. 4. July/August 2000. 
[14] A. Vagati, M. Pastorelli, G. Franceschini and C. Petrache, 
Design of low-torque-ripple Synchronous Reluctance Motors, 
Annual Meeting, Proc. IEEE Conf Industry Applications, LA, 
1997, 287-293. 
[15] M. Sanada, K. Hiramato, S. Morinoto, and Y. Takeda. 
Torque Ripple Improvement for Synchronous Reluctance Motor 
Using Asymmetric Flux Barrier Arrangement, Proc. IEEE Ind. 
App. Soc. Annual Meeting, 12-16 Oct. 2003.  
[16] N. Bianchi, S. Bolognani, D. Bon, and M. D. Pre’, Rotor 
Flux-barrier Design for Torque Ripple Reduction in 
Synchronous Reluctance and PM-Assisted Synchronous 
Reluctance Motors, IEEE Trans. on Ind. Appl., vol. 45, Issue 3, 
May-June 2009, pp. 921-928.  
[17] N. Bianchi and S. Bolognani, Reducing Torque Ripple in 
PM Synchronous Motors by Pole Shifting, Proceeding of 
International Conference on Electrical Machines, ICEM. Aug. 
Helsinki, 2000.  
[18] X. L. Bomela and J. Kamper, Effect of Stator Chording and 
Rotor Skewing on Performance of Reluctance Synchronous 
Machines. IEEE Transaction on Industry Application, Vol. 38. 
NO. 1. January/February 2002.  
[19] L. Tobias, B. Kerdsup, C. Weiss, R. W. De Doncker. 
Torque ripple Reduction in Reluctance Synchronous Machines 
Using an Asymmetric Rotor Structure, 7th IET International 
Conference on Power Electronics Machines and Drives 
(PEMD2014), Manchester, UK, 8-10 April 2014.  
[20] A. N. Hanekom, A torque Ripple Analysis on Synchronous 
reluctance machines, Master Thesis, Cape Peninsula University 
of Technology, 2006. 
[21] W. Zhao, T. A Lipo and B. Kwon, Material-efficiency 
Permanent Magnet Shape for Torque Pulsation Minimization in 
SPM Motors for Automotive Applications, IEEE Trans. On 
Industrial Electronics, vol. 61, Issue 10, 2014, pp. 5579-5787.  
 
403
